The experimental parameters measured in n.m.r. Thus, any exchange process that occurs at a rate greater than lo4 s-' is undetectable using any easily measured n.m.r. parameter. A rate of lo4 s-' corresponds to an activation energy of 12 kcal mol-I (50 kJ mol-I ) at room temperature, using simple Arrhenius activation theory. This implies that any system that involves activation energy barriers of less than 12 kcal mol-' will not be detectable as exchanging. Rotations around single bonds have a Abbreviations used: COSY, correlation spectroscopy; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy; NPY. neuropeptide Y; RGD, Arg-Gly-Asp; TRNOE, transferred nuclear Overhauser effect.
Peptides are flexible
The experimental parameters measured in n.m.r. studies, such as nuclear Overhauser effects (NOEs), coupling constants and chemical shifts, are all time averaged [ 11. NOEs are averaged by any process occurring faster than the cross-relaxation rate [2] , which is usually in the range 0.1-50 s-'. Coupling constants are averaged by processes that occur faster than the coupling (up to 20 Hz for three-bond coupling or 200 Hz for one-bond coupling). Chemical-shift averaging (a process that leads to exchange between two sites with different chemical shifts) leads to coalescence of exchanging signals when the exchange rate is of the same order as the chemical shift difference, and is undetectable when the exchange rate is about one order of magnitude faster [ 31. Thus, if the exchanging signals are 1 ppm apart at 500 MHz, exchange causes line broadening at an exchange rate of about lo4 s -' or slower.
Thus, any exchange process that occurs at a rate greater than lo4 s-' is undetectable using any easily measured n.m.r. parameter. A rate of lo4 s-' corresponds to an activation energy of 12 kcal mol-I (50 kJ mol-I ) at room temperature, using simple Arrhenius activation theory. This implies that any system that involves activation energy barriers of less than 12 kcal mol-' will not be detectable as exchanging. Rotations around single bonds have a Abbreviations used: COSY, correlation spectroscopy; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy; NPY. neuropeptide Y; RGD, Arg-Gly-Asp; TRNOE, transferred nuclear Overhauser effect.
far lower activation energy than this, implying that a rotation has to be severely hindered before it can be observed using n.m.r.
Some systems can be brought into intermediate or slow exchange by cooling the solution, but this still means that many peptides will be undetectably in exchange under all accessible experimental conditions. The value of 12 kcal mol-'
should be compared to kT, which is 0.6 kcal mol-' at room temperature. The term 'flexible' in this context therefore includes motions that are extremely rare ( Figure 1) ; almost all rotations around single bonds are undetectable.
There are several ways of detecting flexibility in peptides using n.m.r. Possibly the most general is the measurement of relaxation parameters ( T I , T, and NOE) on proton-bearing heteronuclei (for example, see [4] ). Relaxation in heteronuclei is dominated by the attached proton(s), and, assuming that the bond length to the proton is the same in all cases, only varies because of differential motion of the X-H bond vector. These measurements, and their interpretation, still place great demands on both instrument and operator, and generally require isotopically enriched material. Therefore, the most common way of detecting flexibility is by the observation that the n.m.r. parameters (and in particular the NOEs, which are the parameters most sensitive to structural change) are inconsistent with a single conformation [ 13. In this situation, other parameters such as J and chemical shift will tend to have 'average' or 'random coil' values. It is also probable that the energies of the different conformers in a flexible system will be dependent on the solvent, so
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Implications of flexibility for bound peptides
The binding energy of peptides to their receptors is typically of the order of 8-9 kcal mol-'. Some of this binding energy can be used to alter the conformation of the peptide, for example, so that only the required peptide sequence can elicit its biological response. It is perfectly feasible that the conformation of a peptide when bound to its receptor (if present in solution) has a free energy several kcal mol-' higher than the lowest energy structure, and so is present in free solution at a small percentage of the concentration of the lowest energy structure. Such a high-energy species could not be observed by n.m.r.
There are a number of cases where the major conformation observed in solution appears to correspond to the bound conformation. One example is somatostatin and its analogues [7] . As for the majority of examples of peptide-receptor interactions, there is no structure for the bound complex, and our knowledge is derived from structure-activity relationships. All the active peptides have a well-defined dominant backbone conformation, while analogues with a different major conformer are inactive. There are also analogues
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with the 'correct' backbone conformation that are inactive, presumably because the side-chains are inappropriately placed. The presumption is, therefore, that the predominant backbone conformation is necessary, but not sufficient, for activity.
There are, however, many counter-examples. The sequence Arg-Gly-Asp (RGD) is crucial to many cell-cell recognition events (for example, fibronectin and vitronectin) [8] . In cyclic peptides containing this sequence [9] , and even in linear peptides [ 10, 1 11, the RGD sequence is predominantly in a /?-turn conformation. Here again there is no structure of a bound peptide; however, the best evidence comes from the negative finding that in peptides where the backbone is forced into a /?-turn [for example, in the cyclic pentapeptide cyclo-(ArgGly-Asp-Ser-Lys)] [9] , the peptide is almost inactive against fibronectin. In proteins that contain the RGD sequence (for example, echistatin [ 12] ), the sequence appears to be exposed on the surface, almost unconstrained and essentially extended. This again suggests that the /?-turn conformation, seen in small peptides, is irrelevant to the bound conformation.
Proline-containing peptides
Many biologically important peptide sequences contain Pro. For example, neuropeptide Y (NPY) starts with a polyproline I1 helix, with the sequence Ty r-Pro-Ser-I, ys-Pro-Asp-Asn-Pro-GI y-Glu-AspAla-Pro-, and is homologous to the pancreatic polypeptides [ 131. Substance P and /?-casomorphin have the sequence Xaa-Pro-Xaa-Pro, while bradykinin has the sequence Arg-Pro-Pro-Gly-Phe-SerPro-Phe-Arg. There have been several studies of the role of Pro in peptide and protein structure [ 14, 151. In some cases, Pro forms the site of tight turns; this is particularly common in synthetic cyclic peptides, but also appears to occur in linear peptides. Turns that contain Pro can form binding sites for metals [ 161.
However, in most cases, proline encourages an extended conformation, resembling the polyproline I1 helix, which is a very open, extended structure. It is fairly stiff and has a three-residue repeat, so that every third residue points in the same direction. It is, therefore, an efficient way of limiting the conformational flexibility of a peptide, without requiring a large number of amino acids (in the form of a globular protein packing against it) to stabilize it. NPY is a linear peptide of only 36 residues, yet it has a well-defined three-dimensional structure in solution. The N-terminal polyproline helix forms part of the receptor binding site, and stabilizes the rest of the peptide by docking against it. The inherent stiffness of Pro-rich peptides reduces their entropy, and so leads to tighter binding than would be achieved by a more flexible peptide [ 171. In the case of Pro-rich peptides, it is likely that the stiff extended conformation seen in solution will also be that found at the receptor.
The study of receptor-bound peptides by n.m.r.
There have been two main approaches to the study of receptor-bound peptides by n.m.r.: the use of isotope-edited spectra, and the transferred NOE (TRNOE).
Isotope-edited spectra
The principle of isotope-edited spectra is that it is possible to select only those protons that are directly attached to 13C (or IsN) atoms, and to observe couplings or NOEs to these protons independently from those protons coupled to I2C or 14N. In a study of the immunosuppressant peptide cyclosporin, bound to its receptor cyclophilin [ 18, 191, signals from cyclosporin can not be analysed using isotopically normal material, because the signals from the 1 1-residue cyclosporin are swamped by signals from the 165-residue cyclophilin. However, using I'C or 'sN-labelled cyclosporin (produced by growing a bacterial colony that expresses cyclosporin on isotopically enriched media), and using heteronuclear filters in the n.m.r. experiments, NOE spectroscopy (NOESY) spectra were obtained containing only NOEs originating from IsN-or 13C-bound protons. Using I3C 'double half filters', NOESY spectra were obtained that contained only NOEs between pairs of l3C-bound protons. Using a combination of two three-dimensional NOE spectra, cyclosporin/cyclosporin NOEs could be distinguished from cyclosporin/cyclophilin NOEs. These spectra were used to produce distance constraints for structure calculation. Angle constraints were obtained from an isotope-edited correlation spectroscopy (COSY) experiment. These constraints were then used to produce a structure for bound cyclosporin. Similar experiments have been carried out on complexes of proteases with specifically "C or ('V, 2H) labelled inhibitors [20] .
The very significant result from these studies was that the conformation of cyclosporin bound to its receptor is quite different from the conformation in solution. The solution structure, which has been found to adopt essentially identical conformations under a variety of solvent conditions and in a Volume 22 . .
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crystal structure (reviewed in [Zl] ), has a czi peptide bond and three hydrogen bonds across the ring (Figure 2a) . In contrast, the bound conformation is all trans and has no transannular hydrogen bonds (Figure 2b) . The reduction in intramolecular hydrogen bonding on complexation is likely to be a general phenomenon, because of the potential for selectivity that lies in intermolecular hydrogen bonding. The major drawback of this approach is that it involves the observation of signals from a bound complex. The correlation time for the peptide signals is therefore the same as that for the receptor. In cyclophilin, this approach works well because the receptor is a small, monomeric globular protein.
For many neuropeptides, the receptor is much larger, and is usually membrane bound. Even if an extracellular receptor domain can be produced by genetic methods, it is often insoluble or too large for such studies. Another approach must therefore be used.
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The transferred NO€
The transferred NOE (TRNOE) is so called because it involves a transfer of NOE (that is, of non-equilibrium magnetization) that is built up on a ligand in the bound state, to the ligand in the free state [2] . In effect, NOEs can be observed on free ligand signals that are characteristic of the bound state. Because the observed signals are those of the free ligand, the method is not limited by the size of the receptor. The basis of the method is that NOEs build up very slowly and to small intensities in free peptides, but very rapidly and to large intensities in receptor-bound peptides. In appropriate circumstances, the NOE in one molecule of bound ligand is much larger than that in 20 molecules of free ligand with the result that, in a system in which exchange between free and bound states is faster than relaxation processes, the NOEs observed are dominated by those in the bound state, even when the free ligand is present in 20-fold excess.
When the method works well, it can work exceptionally well. It is most suitable for answering gross conformational questions. For example, the opiate antagonist nalorphine and an agonist levorphanol were studied bound to a monoclonal antibody fragment using TRNOEs. The opiates both contain an N-alkyl substituent that can adopt either an axial or an equatorial conformation. Distinguishing between these conformations can be readily achieved by observation of a few key NOEs. NOE spectra showed clearly that the antagonist bound with the N-alkyl group axial whereas the agonist bound with it equatorial [22] . Similar Similar studies on peptides are more difficult, but can give very clean results. A particularly thorough example comes from a study of an 11-residue fragment of a G-protein bound to rhodopsin in intact membranes [24] . NOESY spectra of peptide plus membranes alone gave no cross peaks.
NOESY spectra of peptide in the presence of rhodopsin had a large number of NOES, which enabled the bound conformation to be determined. The structure calculated had a type 11' 8-turn for residues 9-1 1, with a Gly residue at position i+ 1 in the turn. Replacement of this Gly with Leu led to greatly reduced activity, while replacement by u-Ala led to only a small loss in activity, as would be expected for this conformation. The function of the intact G-protein is to sense light stimulation of the rhodopsin, and therefore NOESY spectra were run following light irradiation of the solution. Very different NOES were observed, allowing the calculation of a different conformation for the excited bound conformation, and a model for how receptor-mediated G-protein activation may occur.
As this example illustrates, the TRNOE is not greatly limited by the correlation time of the receptor-peptide complex. Its main limitation was implied above; the dissociation rate of the bound peptide must be faster than the spin-lattice relaxation rate of the bound peptide [2] . It is also clear that the peptide must bind tightly enough to give an appreciable bound population under the experimental conditions. This effectively means that the peptide must bind within a rather limited range of dissociation constants, roughly between 0.1 p M and 5 mM. The G-protein fragment discussed above is ideal in this respect, with an apparent Kd of about 0.4 mM. Unfortunately, this precludes study of the most interesting peptides, which bind more tightly than this. Any attempt to weaken the binding, by alteration of pH or mutation of the peptide, runs the risk that the bound conformation may be significantly altered, or that additional, competing, nonspecific binding may occur.
Conclusions
The two most promising n.m.r. methods for studying bound peptide conformations both have important practical limitations, which may make them unsuitable for many of the most interesting applications. In these cases, the only recourse at present is to the traditional structure-activity relationships that look for correlations of activity with observed solution structure. The use of cyclic peptides, not only to constrain the peptide to an active conformation but also to prevent it from adopting a putative active conformation, is a powerful method. Pro residues can also act as strong constraints on available conformations.
